Generally nonchemotactic mutants of Escherichia coli and Salmonella typhimurium were analyzed by interspecies complementation tests to determine the functional correspondence between the che genes of these two organisms. The E. coli che region was introduced into Salnonella recipients by means of a series of F-prime elements. Wild-type che genes of E. coli F'420 complemented all che mutants of Sabnonella except cheS, cheV, and a subclass of cheU. A series of tester episomes carrying E. coli che mutations were then used to determine which E. coli che function was responsible for the complementation of each Salmonella che defect. By this method, the following correspondences were determined: cheAE
Bacterial chemotaxis has attracted interest as a simple behavioral system which exhibits many of the properties of neuronal and hormonal systems in eucaryotes (1, 9, 10, 14, 18) . For example, Escherichia coli and Salmonella typhimurium, the best-studied organisms, detect chemical stimuli by means of specific receptors that in turn transmit sensory information to the flagella to elicit motor responses. The information-processing machinery in these bacteria is capable of integrating receptor signals and of undergoing both adaptation and potentiation (16) .
One of the major advantages of bacterial chemotaxis as a model sensory system is its amenability to genetic analysis. Mutants defective in chemoreception, signalling, and flagellar responses have served to dissect the path of information flow during chemotaxis, as summarized in Fig. 1 . Receptor signals are funnelled through a series of signalling elements to a central processing machinery which integrates and analyzes all inputs from the sensory network and then initiates an appropriate flagellar response. Mutants defective in the central machinery are motile, but generally nonchemotactic, and have been the subject of considerable investigation in both E. coli and S. typhimurium. In E. coli eight genes and in Salmonella nine genes that can mutate to a generally nonchemotactic phenotype have been identified (Fig. 1) .
In E. coli they are as follows: cheA, cheB, and cheC, first defined by Armstrong and Adler (2) ; cheD, first defined by Parkinson (12) ; and cheW, cheX, cheY, and cheeZ, which were recently described by Silverman and Simon (18) , who showed that the original cheA and cheB "genes" were actually complex loci. Work by Aswad and Koshland (3) , Collins and Stocker (5) , and Warrick et al. (22) with S. typhimurium established that there are at least nine che genes in that organism. The genes were designated cheP, cheQ, cheR, cheS, cheT, cheU, cheV, cheW, and cheX ( Fig. 1) .
Because S. typhimurium and E. coli each offer certain advantages in chemotaxis studies, and because their genetic similarity is of general interest, it seemed worthwhile to investigate the relationship between che functions in the two organisms. We therefore carried out complementation tests to establish the correspondences between che genes and compared these genetic data with the known biochemical and physiological properties of che mutants in the two organisns. In general, che functions in E. coli and S. typhimurium appeared to be interchangeable. However strains and F-prime elements used in this work are listed in Table 1 .
Media. Tryptone swarm plates contained 1.0% tryptone, 0.5% NaCl, and 0.3% agar (Difco). VogelBonner citrate medium (21) was supplemented with 1% glycerol (VBC-glycerol) or 0.4% glucose (VBC-glucose). M9 glucose minimal medium (11) was used for growth of E. coli F' che strains. Minimal media were supplemented with required amino acids (0.1 mM) and required vitamins (1 ,Lg/ml).
Complementation tests. Complementation between E. coli and S. typhimurium chemotaxis mutants was determined by transferring F' che episomes containing the region of the E. coli chromosome around 42 min (Fig. 2) into S. typhimurium recipients. Both donors and recipients were grown to early stationary phase at 37°C in minimal medium and spotted together on appropriately supplemented VBC-glucose plates to select for his' recombinants which had received F-prime elements from E. coli. Partial diploids formed in this way displayed a mucoid morphology, as previously reported forE. coli (13) . After single-colony purification, these F-ductants were tested for chemotaxis on tryptone swarm plates. When A series of F'420 derivatives carrying various che alleles from E. coli were transferred to S. typhimurium che mutants, and the resulting merodiploids were tested for chemotaxis on tryptone swarm agar ( Table 2) . In most cases, clear complementation was observed, indicating that the functional defect ofthe F-prime element was different from that of the recipient. However, some mutant combinations failed to complement, which implies that the donor and recipient were both defective in the same chemotaxis function. Each of these combinations is discussed below. cheAE x chePs and CheWE x cheWs. The chePs recipient was complemented by all F' testers except those bearing cheAE mutations; conversely, the F' cheAE testers complemented all but the chePs recipient (Table 2 ). These results indicate that cheAE and chePs mutants have the same functional defect. Several other observations are also consistent with this conclusion. First, both cheAE and chePs strains have similar mutant phenotypes: they are unable to tumble and cannot respond to any type of chemotactic stimulus. Second, the cheAE locus has the largest mutational target size of any che gene in E. coli (15) , and similarly, chePs mutants are by far the most frequent class of che isolate in S.
HOMOLOGY OF CHEMOTAXIS GENES 109 typhimurium (22) . (Although the factors influencing mutational target size are not well understood, it is interesting that this property of these two homologous genes has been conserved.)
The data in Table 2 also indicate that the cheW functions of E. coli and S. typhimurium are homologous. Strains with these mutations, like those with cheAE and chePs, cannot tumble or respond to chemotactic stimuli.
CheXE and CheYE x cheRs and cheQs. The data in Table 2 indicate that cheXE may correspond to cheRs and that cheYE may correspond to cheQs since these mutant combinations never exhibited any complementation for chemotaxis. In E. coli certain pairs of cheXE and cheYE mutants complement rather poorly, even though the individual mutations are clearly in different genes and are recessive to wild type (14) . Similar effects were observed in the interspecies tests (Table 2) : cheXE and cheQs complemented rather poorly, as did cheYE and cheRs. This behavior may be due to interaction of the cheXE (cheRs) and cheYE (cheQs) gene products, a possibility which is considered in more detail below. In any event, gene correspondences based on the complementation data alone must be Table 2 , footnote a. ND, Not done. (Table 2) . Although none of the tumbly mutants we studied were dominant, cheBE and cheZE complemented cheXs and cheTs poorly in all combinations ( Table 2 ). This result was also confirmed by examining the swimming patterns of the various merodiploids (Table 4 ). These complementation tests were also performed with three newly isolated cheTs mutants (obtained from B. Taylor, Loma Linda University) as recipients, with similarly equivocal results.
Since cheXs and cheTs mutants ofSalmonella are complemented by the wild-type F-prime element from E. coli and by other F-prime elements that furnish wild-type alleles of both the cheBE and cheZE genes, it seemed possible that the cheBE and cheZE gene products were functioning as a complex and that this complex was compatible with the rest of the Salmonella chemotaxis machinery, whereas the individual subunits were interacting in a species-specific manner and were not readily interchangeable.
This model suggests that formation of a functional hybrid complex containing subunits from both species might be facilitated by using a mutation that leads to complete loss of the polypeptide product as opposed to one that leads to production of an altered, nonfunctional subunit. To accomplish this, complementation tests were carried out with an E. coli F-prime element that carried a polar mutation in cheYE. This mutation should prevent synthesis of any product of the CMeZE gene and should leave cheBE expression unaffected. We reasoned that in the complete absence of CheZE product, the cheBE subunit might be able to interact with the appropriate SalmoneUa subunit and restore a measurable degree of chemotaxis. The results of this test are summarized in Table 5 and demonstrate that complementation occurred with cheXs recipients but not with cheTs recipients, suggesting that cheBE corresponds to cheXs and cheZE corresponds to cheTs.
These conclusions are consistent with the phenotypic properties of the mutants (Table 6 ). In these mutants, as in the wild type, tumbling can be transiently suppressed by large temporal increases in attractant concentration. The wildtype responses are longer, indicating that the tumbly strains are partially defective in their response to attractant stimuli. In general, cheBE mutants respond better to serine than to aspartate, whereas cheZE mutants respond better to aspartate than to serine (Table 6 ). These re- of Salmonella (7, 14) and cheCE mutants of E. coli (12, 15a) .
There is reason to believe that cheCE may be the E. coli gene that corresponds to cheUs. The map positions of the cheUs (flaQ) gene (5, 22) and the cheCE (tlaA) gene (17) are very similar (6) . Furthermore, both can yield two sorts of nonchemotactic mutants characterized by very low or very high tumbling rates, respectively.
To test whether cheUs and cheCE are corresponding genes, various F' episomes from E. coli were transferred into one cheVs, one cheSs, and four different cheUs mutants (Table 3 ). The cheUs mutants that have a tumbly phenotype were complemented by F'420 and F'410. The F'410cfieC tester complemented these two mutants only partially, and the F'410faA tester did not complement them at all ( Table 3 ), indicating that cheCE (flaA) and cheUs mutants are most likely defective in homologous chemotaxis functions.
cheVs, cheSs, and cheUs mutants with low tumbling frequencies were not complemented by either F'420 or F'410 (Table 3) . F'410 carries many of the same genes that F'420 carries, including cheCE. It does not, however, carry the main cluster of che genes (near motB; Fig. 2 Because the true function of all of the che genes has not yet been elucidated, it seems unnec_arily complicated to rename all the genes with a common system at this point. It seems that a gradual approach to a more rationalomenclature is needed, and we suggest the followiDg.
(i) Wherever ambuity is to be avoided or emphasis is needed, the subscript E or S should be used to designathe i orin of the gene.
(ii) For new genes in one spies which are shown to correspond to existing genes in the other species, the letter already utilized should be kept. Thus, a gene in E. coli which corresponds to cheS in Salmonella should (when discovered) be called cheS.
Effets of gene product interacdons on complementation patterns. In E. coli, poor complementation has been observed between certain combinations of cheXc and cheYE mutations and between some cheB5 and cheZz mu-tations (14) . Although these four genes are cotranscribed, polarity effects cannot be responsible for these phenomena because only specific combinations of mutant alleles fail to complement and, moreover, cheXE and cheYE always complement cheBE and cheZE. There are several ways in which apparently nonpolar, recessive mutations in different genes could fail to complement, providing that the products of the two genes interact in some fashion, presumably through direct protein-protein contacts. The data on cheXE x cheYE and cheBE X cheZE are most consistent with a dominant complex model in which altered subunits synthesized by the two mutant genes associate to form an aberrant complex that inhibits or masks the activity of the wild-type product complexes, perhaps by competing for substrate or by blocking binding sites (Fig. 4a) . This model correctly predicts that poor complementation should be allele specific since many combinations of mutant subunits would not be expected to interact in this way. Moreover, null defects in one of the mutant genes should not lead to poor complementation because no aberrant product would be made. This prediction has been confirmed by examining the complementation properties of polar mutations. For example, polar defects in cheYE, which prevent cheZE expression, complement fully with all cheBE mutants. Similarly, polar mutations in either cheYE or cheBE, which abolish cheYE expression, fully complement all cheXE mutants (Parkinson, unpublished data) .
It seems reasonable to suppose that similar interactions take place among the corresponding che gene products of S. typhimurium, and, in fact, Stock and Koshland (20) have obtained biochemical data in support of one such interaction. They were able to assay an enzyme that removes the methyl group from the "methylaccepting chemotaxis protein" (8) . This protein methylesterase activity was absent in cheBE strains but present in CheZE strains (Table 5) . This activity was also lacking in cheXs strains and in a cheTs point mutant. A cheQs-cheTs mutant (probably a polar mutant), however, had about one-half the wild-type level of this enzyme. From these data, the authors concluded that cheBE in E. coli and cheXs in Salmonella are probably the genes coding for the methylesterase and that the cheZE and cheTs gene products may interact with the enzyme in some manner to regulate its activity.
Formation of product complexes could account for some of the anomalies we encountered in using E. coli F-prime elements to correct chemotaxis defects in Salmonella. For (Fig. 4a ). However, a somewhat different possibility is suggested by the fact that poor complementation in interspecies tests was not allele specific, but rather occurred with all combinations of mutant alleles. Full complementation was only observed when the members of an interacting gene pair originating from the same species (e.g., cheBE-cheZE) were both wild type, implying that E. coli subunits may not interact properly with Salmonella subunits to form a functional product complex (Fig. 4b) . If this analysis is proven to be correct, it must mean that individual chemotaxis gene products of E. coli are not necessarily interchangeable with those of S. typhimurium. At some level, however, product complexes must be functionally equivalent because Salmonella che defects can be fully corrected by furnishing an appropriate ensemble of che fimctions from E. coli. The level at which interchangeability can occur is not obvious because the F-prime elements used to perform these interspecies complementation tests probably carried genes specifying a major portion of the flagellar and chemotaxis machinery of E. coli. Further studies will be needed to assess the true extent of functional homology in these two species. It may be that some single products and perhaps even small product complexes are not readily interchangeable, but in any event, the initial studies reported here demonstrate considerable similarity in overall organization and operation of the chemotaxis systems in these two organisms.
